Near infrared spectroscopy (NIRS) is a non-invasive method to measure cerebral tissue oxygenation continuously with an adhesive optode system which can be easily placed on the skin. We coupled NIRS with videoelectroencephalography (video-EEG) during the presurgical evaluation of two patients with intractable localization-related epilepsy of mesial temporal origin.
INTRODUCTION
The localization of the primary epileptogenic zone is the basic principle of the presurgical evaluation in patients with medically intractable partial seizures ~. The identification of this epileptogenic zone often requires invasive electroencephalography (EEG) with a considerable risk of complications 2. Additional diagnostic methods like structural and functional neuroimaging with magnetic resonance imaging (MRI), single photon emission computed tomography (SPECT) or positron emission tomography (PET) are used and required to contribute further information about a regional functional deficit in order to increase the probability of a correct localization of the primary epileptogenic zone by non-invasive means and to reduce the number of invasive recordings 1'3. Although SPECT and PET give some information about functional processes they have some considerable drawbacks. PET is expensive, both methods are associated with radiation exposure of the patient and are difficult to apply during seizures. Therefore, it seems promising to us to look for further non-invasive methods which are cost-effective, easy to handle, free of adverse effects and which can be applied simultaneously with video and EEG.
Near infrared spectroscopy (NIRS) measures tissue absorbance of light at several wavelengths and can be used to assess the degree of oxygenation of cerebral haemoglobin (Hb) in vivo since infrared light penetrates biological tissues including bone 4. The use of measurements of transmission through the diameter of the skull is still limited in adults because of an unfavourable signal-to-noise ratio 5. According to the Lambert-Beer law however, it is possible to measure the absorbance of light which is reflected ipsilateral to the location of the light emitting source 6. This NIRS method has been validated in normals 6 and cerebral hypoxia 7. We used continuous NIRS in two patients with intractable temporal lobe epilepsy (TLE) simultaneously with long-term video EEG to investigate whether ictal NIRS may provide additional information about the lateralization of the primary epileptogenic zone.
PATIENTS AND METHODS
The clinical data of both patients are summarized in Table 1 . Both patients suffered from intractable TLE and underwent selective epilepsy surgery after the diagnostic procedures reported here. In patient 1, only one complex partial seizure occurred postoperatively whereas patient 2 remained completely seizure-free.
NIRS was performed with the INVOS ® 3100 system (Somanetics Corp., Troy, Michigan, USA) during the non-invasive presurgical diagnostics and coupled continuous video-EEG. We used a split-screen video-EEG equipment (Glonner electronics GmbH, Planegg-Martinsried, Germany) with the option of 32 channels. Scalp electrodes were placed according to the 10/20 system with additional scalp electrodes at the T2 and T1 position 9, surface electrodes to record the horizontal and vertical eye movements, and bilaterally implanted sphenoidal electrodes. Technical details have been described elsewhere 6"7. In summary, the system consists of an adhesive head plastic base which can be easily affixed to the scalp. The sensor emits infrared light of five different wavelengths. The cortical penetration increases proportionally to the source-to-receiver distance. Therefore, the system includes two receivers, one with a shorter source-to-receiver distance of 2.5 cm to measure and exclude the superficial tissue oxygenation of the skin and skull and the receiver of interest with a distance of 3.5 cm from the light emitting source. This receiver measures cerebral tissue oxygenation within a depth of several centimeters. The system provides the relation of deoxygenated to oxygenated Hb in percent saturation. The oxygen saturation measured this way mainly represents venous cerebrovascular tissue perfusion. The optodes were affixed on the scalp with the light emitting source over the position F7 and F8 and the detecting optode over the electrode position AF8 and AF7 according to the 10/10 system ~°, respectively. Since this NIRS system only allows the use of one optode set, we placed the system either ipsilateral or contralateral to the supposed primary epileptogenic zone. In patient 1 we used the analogue output signal which was available about every 30 seconds with a range of 2 seconds. This signal is an average figure resulting from the continuous measuring over the previous 4 seconds. The output signal was displayed on the video-EEG videometry system to allow the simultaneous visual inspection of the clinical, EEG and NIRS data. Data were digitally stored on videotape. In addition, in patient 2 we were able to use the digital NIRS output and to store the NIRS data immediately on disk which allowed a data display about every 14 seconds with a range of 2 seconds. The ictal and immediate postictal oxygen saturation expressed in percent and defined following McCormick et al 6'7 was assessed for 5 minutes after the ictal onset and compared to the oxygen saturation value during a baseline of 5 minutes immediately prior to the seizure onset. Seizure onset was defined by the first ictal clinical symptom or the first unequivocal ictal EEG activity if the latter preceeded the clinical onset. Definite decrease or increase of oxygen saturation was defined by at least two consecutive falls or rises. We determined the following parameters: (1) mean ictal oxygen saturation compared to mean baseline value; (2) minimum and maximum of oxygen saturation during the seizure and the baseline; (3) time of onset of an unequivocal fall or rise and of the minimum and maximum of ictal oxygen saturation.
RESULTS

Patient 1
In patient 1, one typical complex-partial seizure was recorded with the optodes placed ipsilaterally to the primary epileptogenic zone. Another one was documented with the optodes attached contralaterally to this region of interest. Secondary generalization did not occur. The primary epileptogenic zone was supposed to be located in the right mesial temporal cortex which was confirmed by the favourable outcome after selective amygdalahippocampectomy (see Table  1 ). With the optodes ipsilateral to the primary epileptogenic zone, oxygen unequivocally declined 60 seconds after the ictal onset which was defined by an epigastric aura followed 2 seconds later by rhythmic sustained theta activity at the right sphenoidal electrode with gradual spread over the right temporal region. At this point, loss of consciousness was observed after the initial aura with the patient resting quietly in bed and performing only slight automatisms with the right hand. The ictal EEG activity was recorded for 66 seconds. The whole seizure lasted 185 seconds.
The maximum decline of oxygen saturation was associated with a desaturation by 4% and was measured 118 seconds after ictal onset. This minimum oxygen value lasted for one minute before a gradual increase of oxygen saturation was seen. The mean oxygen saturation during 5 With the optodes contralateral to the primary epileptogenic zone, no consistent decline of oxygen saturation occurred since oxygen fell only by 1% compared with the value at seizure onset and was observed 150 seconds after the ictal onset with no further decline and a previous ictal increase by 1% also. Ictal mean oxygen saturation was 70.6% compared with 71.4% during baseline. The time course of the seizures is shown in Fig. 1 .
Patient 2
In this patient, seizures were recorded with ipsilateral optodes twice and with the optodes contralateral to the primary epileptogenic zone three times. All seizures were almost identical according to the clinical and EEG data and were classified as complex-partial seizures without secondary generalization. The primary epileptogenic zone was localized in the left mesial temporal cortex. After selective amygdalahippocampectomy, the patient has remained completely seizure-free with a follow-up of 8 months. When we measured the oxygen saturation ipsilaterally, a clear-cut decline started 42 seconds after the ictal onset in both recorded seizures and reached its minimum 143 and 129 seconds after the first ictal sign which consisted of oroalimentary automatisms and loss of consciousness. Since the seizures lasted 61 and 36 seconds, respectively, this oxygen desaturation occurred postictally. Ictal EEG consisted of rhythmic sustained theta activity with onset 7 and 6 seconds after the first clinical symptoms. The maximum decline of oxygen saturation was 8% and 5%, respectively. The mean ictal oxygen saturation was 3.8% and 2.6% lower than at baseline. Contralateral measurements did not reveal consistent findings and showed minimal falls and rises of the oxygen saturation. Only in one of three seizures, a decline of oxygen saturation was observed which started 28 seconds after the ictal onset but did not reach minimum levels than during measurements ipsilaterally. The time course of the oxygen saturation in all five seizures is shown in Fig. 2 . Table 2 summarizes the complete data for the evaluation in both patients.
DISCUSSION
The presurgical evaluation of intractable localization-related epilepsy has to identify ap- propriate candidates for epilepsy surgery with a minimum risk of adverse effects. The number of invasive diagnostics which are associated with considerable safety hazards 2 will certainly be reduced if the diagnostic value of non-invasive methods improves. NIRS is a safe and costeffective non-invasive method which allows the continuous monitoring of cerebral tissue oxygenation. In our study we applied NIRS in patients with temporal lobe epilepsy. The primary epileptogenic zone was highly probably located in the mesial temporal cortex due to the clinical ictal symptomatology, the interictal and ictal EEG findings, the MRI studies and--most convincingly-the favourable postoperative outcome after selective amygdalahippocampectomy. Most of our candidates for epilepsy surgery suffer from temporal lobe epilepsy so that we were mainly interested in the evaluation of the diagnostic
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value of NIRS in this syndrome. Since NIRS studies the cerebral oxygen consumption in a depth of only few centimetres 4 and therefore does not reach the cerebral tissue of ictal origin in the mesial temporal cortex, we prefered to locate the light emitting source at a position which was easy to define and comfortable for the patient and placed them at the F8 and F7 electrode position, respectively. At this location, the optodes could be attached easily and without relevant hair contamination. The region investigated by NIRS with the optode placement of our approach is certainly part of frontal cortex. Our results indicate that typical temporal lobe seizures were associated with a reproducible cerebral deoxygenation if the optodes were placed ipsilaterally to the primary epileptogenic zone whereas contralateral measurements revealed no consistent findings. These preliminary results appear to be contradictory to the study of Villringer et al who reported on ictal NIRS in three patients with localization-related epilepsy of extratemporal origin 5. With the NIRS optodes placed over the region of the presumed primary epileptogenic region, an increase of blood volume and cerebral oxygen consumption was found. No simultaneous electroclinical data were provided but the clinical ictal symptoms were consistent with seizure origin in frontal and occipital regions, respectively 5. The methodological differences mentioned above suggest that Villringer et al measured effects of the primary epileptogenic zone located in cortical regions which are reached by NIRS compared to our study of seizures of mesial temporal origin with the optodes measuring most probably in the Table 2 : Summary of the near infrared spectroscopy data acquired in this study. NIRS, near infrared spectroscopy; location of NIRS means placement of the optode system ipsilateral or contralateral to the primary epileptogenic zone; A, aura; CPS, complex-partial seizure; A, CPS, preceeding aura followed by complex-partial seizure; seizure duration, time from the first clinical symptom or--if preceeding--first unequivocal ictal EEG activity to the clinical end; mean baseline oxygenation, oxygen saturation during 5 minutes immediately prior to the sizeure onset; mean ictal oxygen saturation, oxygen saturation during 5 minutes immediately after seizure onset; the asterix indicates that in this seizure the ictal measurement was interrupted due to a unintended disconnection of the patient by a nurse resulting in an ictal recording NIRS recording time of only 210 seconds To our knowledge, there are no commerciallyavailable NIRS systems which provide more than one optode system. The ideal setting would be a bilateral symmetrical optode placement. We tried to solve this methodological drawback by changing the side of the skull after each seizure. Since all seizures presented in this study were completely monitored by video-EEG it could be demonstrated that ictal NIRS dealt with electroclinically identical seizures independently of the side of optode placement. Another difficulty when assessing simultaneous clinical, EEG and NIRS data is the inconsistent data acquisition provided by the system we used. For standard use in an epilepsy monitoring unit, it would be important to stabilize the sampling interval which had a range of 2 seconds in our study. For monitoring conditions, an NIRS system which provides the possibility of continuous online data output would be ideal.
An interference by artifacts caused by data acquisition failures or movement artifacts can be excluded because all seizures included in this study were either complex-partial seizures following long-lasting auras (patient 1) or complexpartial seizures with a long movement arrest and staring phase. The decrease of cerebral oxygenation occurred postictally when the patient was resting in supine position or during seizure phases without intense movement. In addition, interictal data acquisition showed that NIRS was not disturbed even by intense movement and that consistent decreases as observed ictally did not occur spontaneously.
Certainly our results are far from any statistical relevance. However, in two patients with clearly defined and typical temporal lobe seizures, they were very consistent and promising. With the identical paradigm we will proceed to evaluate a larger series of patients with temporal lobe epilepsy to validate further the lateralizing value of NIRS and want to encourage other groups to consider NIRS as a possible tool in the diagnostics of intractable localization-related epilepsies.
